Abstmct-Skylab multispectral samer data, digitized SkyIab &r intrued (IR) photography, digitized Skylab black and white multiband photography, and Euth Reawces Technology Sat&te (ERTS) multispectral s c a n~~~ data collected within a 24-h time period over an area in southcentral Indiuu n m Bloomington on June. 9 and 10, 1973, were compared in a machinelided land uae analysis of the area.
INTRODUCTION

HE INFRARED (IR) portion of the spectrum has long
been recognized as important for remote sensing of the environment by a variety of disciplines including geology, forestry, water resources, crop studies, and land use studies. The energiesreflected and emitted from the earth in the IR and visible regions are collected by two primary techniques-photographic emulsions and multispectral scanners. The resulting image can be interpreted by visual techniques or, if in a digital format, by a computer using pattern recognition techniques.
Multispectral scanners sample the energy in different regions (termed channels) of the optical spectrum as a mirror scans the scene. The optics and detectors determine the spectral windows of the individual channels. The energy levels for each channel are stored in either an analog or a digital format on a magnetic tape to form a multispectral data set. Multiemulsion photography (e.g. color IR film) and multiband photography (i.e., combination of different cameras, films, and filters) are also used to form multispectral data sets.
This study compares four multispectral data sets acquired within a 24-h time period on June 9 and 10,1973, over an area in south-central Indiana in a land use analysis of the study area (see Fig. 1 ). The data sets were acquired by the khannel multispectral scanner (MSS) on the Earth Resources Technology Satellite (ERTS), the Earth Resource Experiment Package (EREP) 13-channel MSS on Skylab, the color infrared photography from the EREP camera system, and the black and white multiband photography from the EREP camera system.
The study area was centered around Lawrence County and parts of the surrounding counties in south-central Indiana, an area covering approximately 147 000 hectares. The land is rolling, with around 140 m of local relief, and a variety of land work was supported by NASA under Contract NAS 9-1 3301.
Sensing, Purdue University, West Lafayette, Ind. 47907. use categories-a lake, a river, forests, agricultural fields, residential areas, and commercial-industrial areas.
Manuscript received
The study used the IBM 360/67 computer at the Laboratory for Applications of Remote Sensing (LARS) at Purdue University, the MSS data sets and the digitized photographic data sets to classify the study area into twelve land use classes which correspond to those suggested by Anderson er al. [ 11 : new residential, old residential, commercial-industrial, extractive, light soil, dark soil, grass, sparse wood, deciduous forest, coniferous forest, river, and lake. For analyzing the results, the new and old residential classes were considered as one class, as were the light and dark soil classes and the sparse woods and deciduous forest classes. These pairs of classes were combined because of the difficulty in deciding where one class ended and the other one began. The classification process used the pattern recognition algorithms that have been implemented on the computer at LARS in a software package called LARSYS [2] . The procedure consisted of choosing fields or areas to represent each of the twelve classes listed. These training fields, representing around 0.3 percent of the study area, were scattered throughout the study area. The same ones were used for each of the four data sets. The possibilities for training fields were somewhat limited by clouds in the ERTS MSS data set.
The training fields were evaluated using a clustering routine to find if further division of the twelve classes were necessary so that each of the resulting spectral classes represented a unimodal distribution. Under the assumption that the spectral data of the samples for each spectral class were normally distributed (Gaussian), the n-dimensional mean vector and the n X n covariance matrix of the multispectral data sets were computed for each class where n represents the number of channels of spectral information in each data set. The mean vectors and covariance matrixes were used in the actual classi-fication routine which uses the Bayes maximum likelihood classification rule [ 31 with the a priori probability of occurrence for each class being equal.
A modified divergence was used to select the "best" set of 4 out of the 1 1 usable channels in the Skylab MSS (S192) data set (a feature selection routine) and to obtain a measure for the separability of the classes in each of the data sets. Divergence, a measure of separability between two density functions which represent two land use classes, i and j for n spectral channels C1, C2, * * , C,, , assuming normal variables, is given [41 by
where M and K represent the mean vector and covariance matrix, respectively; tr [ A ] is the sum of the diagonal elements of A . A is the transpose of the matrix A . A modified form of divergence DT, termed transformed divergence, was used in this study because it behaves more like the probability of correct classification [ 31 ,
Transformed divergence was extended to a multiclass case to choose the "best" 4 channels in two separate ways. The average of the transformed divergence for all possible class pairs was maximized and the minimum transformed divergence of all possible class pairs was maximized. There is no guarantee, however, that either of these methods are optimal. The selection of four channels for the classification was done to reduce computer costs and to find if the channels selected included any spectral bands not available in the other data sets.
The products obtained in the study include the transformed divergence measures for the separability of each pair of classes in each data set, the classification maps, and the classification performance results. The classification performance results were obtained by selecting six test areas scattered throughout the study area representing the classes under consideration. The underflight photography was projected onto the classification map of these test areas and a point-by-point check of the classification was done. The points from all six test areas were combined to obtain performance results for each class and for the overall classification performance-total number of points classified correctly divided by total number of points in test areas. The total test area represented 3.5% of the study area or approximately 5150 hectares. (The test areas are outlined in Fig. 13.) 
INSTRUMENTS (PLATFORMS) USED IN STUDY
Ground observations consisted of spectral data acquired over Lake Monroe at the time of the Skylab overpass by a field spectroradiometer (an early version of which is described in [ 51 ) . Spectral data were also acquired over the Purdue Farm near Oolitic, Ind., following the overpass. A pyroheliometer system monitored the solar irradiance for several hours throughout the day.
At 14:39 GMT (9:39 local time) on June 10, 1973, an aircraft (flown by the Environmental Research Institute (ERIM) of Michigan) acquired 12-channel MS$ data and photography over a north-south strip over Lake Monroe, 1520 m above the ground. The 12 channels cover a wavelength range from 0.41 to 11.7 pm with 8 visible channels, 3 IR channels, and 1 ther- mal or far IR channel. The photography from the aircraft consisted of 24.1-cm (9.5411) black and white transparencies and prints (see Fig. 2 ), 70-mm color and color IR positive transparencies.
At 16:30GMT(11:30localtime)onJune 10,1973,aWB-57 high-altitude reconnaissance aircraft (flown by NASA) acquired photography along the track of the Skylab pass across .5-.6pm
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.0-.9pn color, color IR, and 4 spectral bands of black and white transparencies (0.5-0.6, 0.6-0.7, 0.7-0.8, and 0.8-0.9 pm). The film types and ground resolutions of the S190A photography used for this study are given in Table I . The S190B photographic camera (Earth Terrain Camera) has an f/4 lens with a focal length of 458 mm (18 in) obtaining approximately 1 : 950 000-scale photography. The film products were 5-in color positive transparencies.
The S191 experiment of EREP is the spectroradiometer. The spectroradiometer scans the ground target spectrally from 0.39-2.5 pm and 5.82-15.99 pm. The field of view of the instrument is one milliradian or approximately 435 m (1430 ft) on the ground. The radiation is collected by a 254-mm (1 Gin) primary mirror.
The multispectral scanner (the S192 experiment) on Skylab has 13 channels which cover the wavelength range of 0.41-12.5 pm in 5 visible channels, 7 IR channels, and 1 thermal IR channel (see Table 11 ). The incoming radiant energy is collected by a 423-mm (1 7-in) spherical collecting aperture At 15:59 GMT (10:59 local time) on June 9, 1973, the ERTS acquired MSS data over the test site at an altitude of 933 km (570 mi). The MSS on ERTS consists of 4 channels, 2 visible and 2 IR, which cover a wavelength range from 0.5 to 1.1 pm (see Table 111 ). The ERTS MSS has a rectilinear line scan with total field of view of 185 km ( 1 15 mi) and IFOV of 79 m square on the ground. !' he detectors for channels 1, 2, and 3 are photomultiplier tubes (PMT) and the detectors for channel 4 are silicon photodiodes.
ANALYSIS OF MULTISPECTRAL DATA SETS
Photographic Data Analysis
The EREP's Sl90A film products from Skylab used for the analysis were second generation contact positive transparencies made from the 70-mm original. The original color IR transparency was duplicated onto Kodak Ektachrome Aerographic Duplicating Film SO-360 by Kodak Rainbow or Colorado Continuous Contact Printers by the Versamat 18 11/EA-5 process. The 70-mm original Kodak S0-022 and Kodak 2424 were duplicated onto Kodak Fine Grain Aerial Duplicating Film 2430 and Kodak Aerographic Duplicating Film 2420, respectively. These duplications were done on a Kodak Niagra Continuous Contact Printer by the Fultron or Versamat/MX 641 processes.
These second generation 70-mm color IR, and the 4 black and white positive transparencies were digitized by Mead Technology Laboratories at Dayton, Ohio. The instrument used was a modified Fairchild Scan-AColor Model 4 drum scanner. The instrument has been modified so that its spot size could be reduced to 12.5 pm and 25 pm from the original 50 pm.
The 70-mm color IR transparency was separated and digitized using a 25#m aperture and a 20-pm sampling interval. The method used was to scan a line with a Kodak 92 filter to separate the red layer, repeat the scan with a Kodak 93 filter for the green layer, and scan again with a Kodak 94 filter for the blue layer. The scanner was then stepped down a line and the process was repeated. The 25-pm aperture corresponds to approximately 68 m (223 ft) on the ground, the sampling interval to 55 m (1 80 ft). The same aperture size and sampling interval were used to digitize the four 70-mm black and white transparencies; filters were not used.
The calibration of the scanner was done such that the low end of the scanner output was set to 0 when there was no attenuation of light on the glass drum and the high end was set to 255 using the dark area between the frames of the imagery. Therefore, the densitometer measured 256 different levels of film density. The calibration for the color IR image was performed through each of the three filters. 'There is actually some overlap between the channels because of the The digital tapes from Mead were then reformatted at LARS to be compatible with the LARSYS software for the classification routines used in the analysis. The digitization of color IR film produced a 3-channel data set (see Table IV and Fig. 6 ) to be used the same as the MSS data sets. The three channels were registered quite closely, because of the technique used to digitize the frame.
The four black and white digitized frames had to be registered. A 1100 line by 1100 column area (test site included) of the original 3000 lines by 3000 columns for each of the four frames was registered. Around 60 points evenly distributed across the area for each of the frames were chosen as common points. The four areas were then registered with the help of the computer by a LARS registration program which uses a second-order 6 coefficient polynomial least square fit so that a k h a n n e l data set was produced (see Table V and Fig. 7 ). The registration of the two visible channels and the registration of the two infrared channels are within a pixel, approximately 40 m. The registration between the visible and infrared channels is within 2 pixels. The registration between the visible and infrared channels was difficult because of the difference in the resolutions of the two types of film-approximately 30 m on the ground for the visible and 70 m on the ground for the infrared.
The training fields were selected, as mentioned before, for both the 4-and 3-channel data sets for each of the twelve classes. The areas were first clustered and refined as explained previously. In clustering the individual classes of the Cchannel data set, three separate spectral subclasses of deciduous forest were recognized, two spectral subclasses of old residential and one spectral class for each of the other classes. In the 3-channel data set one spectral class was recognized for each land use class. One of the three spectral subclasses for deciduous forest in t h e k h a n n e l data set occurred near Lake Monroe because of a gradual change in response from the lake to the forest in the two IR channels rather than a sharp change as indicated by the IR channel in the color IR data set. The IR response of this spectral subclass of deciduous forest was lower than the spectral class for coniferous forest. This phe-.52-.58prn
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Fig. 6. Digitized Skylab S190A color IR multiemulsion data set obtained from CRT digital display screen using 16 different gray levels. Top row-complete digitized frames. Middle row-enlargements of study area (see Fig. 7 for exact boundary of study area). Bottom rowenlargements withh study area. (See note in Table IV.) .5-.6pm .6-.7pm .7-.8pm . 8 -. 9~ Fig. 7 . Digitized Skylab S190A black and white multiband data set obtained from CRT digital display screen using 16 different gray levels. Top row-complete digitized frames. Middle row-enlargements of study area. Study area is outlined in the 0.8-0.9-pm band. Bottom rowfurther enlargements of study area. Note difference in resolution between visible and IR frames.
nomenon will be discussed later. Another spectral class represented a transition between the dense forest (the third spectral subclass) and the sparse wood class. The training field for this spectral subclass was from a forested area near Bloomington, Ind. The two spectral subclasses for old residential were actually close to each other; however, one was very close to the spectral class for river so that it was decided best to keep the two subclasses separate rather than combine them to help separate the river from old residential.
The classification performance results (see Table VI and Figs. 8 and 9) show that for the classes considered the digitized color IR data set did better overall than the digitized black and white multiband data set. This was in part due to an area around the lake which was assigned to the coniferous class instead of the deciduous class and to some of the points around the edge of the lake which were delineated as commercialindustrial instead of lake. Also many data points in the bare soil and the residential areas were incorrectly classified as river. Arithmetic mean of the performance results of the nine classes. Fig. 10 . Enlargement of the 0.8-0.9-~rn black and white frame that was digitized, illustrating the anomaly around Lake Monroe.
The misclassifications around the lake in the multiband black and white data set were due to the indistinct boundary between the vegetative covered share and the lake in the infrared frames as illustrated in Fig. 10 . The effect is enhanced in Fig. 10 by using a high-contrast printing process for illustration purposes. However, the anomaly is definitely present in the second generation contact positive prints used as the data source.
The original negatives are not available to the investigators.
The classification results show that the above anomaly does indeed affect the b&w data processing and also that a similar effect does not exist in the infrared portions of the other data sources. In addition a close visual examination of the color IR, S-192, and ERTS scanner imagery along with the supporting color IR and black and white photography taken by the WB-57 aircraft did not disclose a similar lake edge anomaly in the IR frames of these data sources. By scaling the Skylab black and white IR imagery it was determined that the shaded boundary was 1000 m (3300 ft) wide at points around the lake shore. In some cases over 35 m (1 15 ft) of relief were encountered over these distances which minimized any lake shore moisture effect as a source of the anomaly. At the time of this writing a definitive source of the anomaly is not known.
Because of the small aperture used in digitizing the film (comparable to the resolution of the IR film), the drum scanner measured this anomaly around the lake, giving a false indication of the actual IR response of the lake (higher) and the forest (lower) near the boundary of the two. The spectral subclass of deciduous forest which was trained from an area near the lake did represent all the deciduous forest data points nearest the lake; however, there was a band of data points outside of this one which was nearest the spectral class for coniferous forest. Those data points representing water near the edge of the lake were nearest the sptxtral class for commercial-industrial areas because of the higher IR response.
The delineation of those points in the bare soil and residential areas as river was probably due to a poor training class for the river class. Because the four frames making up the k h a n n e l data set were digitized separately, the centers of the resolution elements are probably not the same. When registered to the nearest point, the centers may still be off a maximum of 40 m (1 30 ft). Since the river is rather narrow, one to two data points wide, the training class for river probably did not represent the true spectral nature of the river.
If the test area which includes the lake is left out, the overall performances of the two data sets for the five remaining test areas are much closer-77-percent correct classification for the digitized multiband photography and 8@percent correct classification for the digitized color IR photography.
Skylab Multispectral Scanner (SI 92) Data Analysis
The quality of the unfiltered MSS data from Skylab by inspection of the images was good to poor (see Fig. 11 ). Channel 1, 0.41-0.44 pm was of no use. The atmospheric scattering was so great that the scanner "saw" just the atmosphere in this channel. The noise varies from channel to channel with channels 3, 7, and 11 appearing to be the best from a visual point of view. The thermal channel (channel 13) was not received in this data set.
The same training fields used in the digitized photography described earlier were selected from this data set to represent the twelve classes. Clustering indicated 13 spectral classes, two spectral subclasses of lake and one spectral class for each of the other eleven land use classes. The second spectral lake subclass represented those points in channel 12 which were anomalies, saturated data values, probably occurring in the processing of the original data.
A separability measure as described earlier was used to choose the best four of the eleven usable channels. The set of four channels having the highest minimum transformed divergence for all pairwise combinations was chosen. The average transformed divergence for this combination was only one less than the combination with the highest average transformed divergence. The optimum channels as given by the transformed divergence measure included the three channels which appear t o be the cleanest visually. A classification was also done using the channels of the Skylab MSS-data set whose spectral bands correspond most nearly to those on the ERTS MSS. The test areas for computing the classification performance results were selected to match those used in the digitized photography. The results are given in Table VI (also see Fig. 12 ). The individual class performances and hence the overall performance of the channels 3, 5, 6 , 8 classification were generally lower than the channels 3, 7, 8, 11 classification. The difference is probably due to two reasons-the difference in information content of the channels and the difference in the noise of channels. Channels 5 and 6 appear visually to be noisier than channels 7 and 11. In the 3 , 7 , 8 , 11 classification all classes except the extractive and the commercial-industrial classes were separated quite well. The extractive class includes the limestone quarries in the study area. There is a large variance in the quarries, including some with no vegetation and some older ones with trees scattered around the water in the pits. The trees and water made some of the quarries hard to delineate with the training fields that were used. The commercial-industrial class was confused with the dark soil class. This pair of classes had the lowest transformed divergence measure separating them. In the 3, 5, 6 , 8 classification, the commercial-industrial and the extractive classes were again not well separated. In addition to those classes, the river class was confused with the residential, commercial-industrial, and the dark soil classes. The coniferous class was confused with the sparse woods class. In all of the cases, the transformed divergence measurements between the confused classes were significantly less than in the 3, 7, 8, 11 combination (see Tables IX and X) .
To obtain a measure of the noise in the data, the mean and standard deviations of the data values for each of the eleven usable channels were computed for four separate areas and the total of the four areas (189 data points) in the deepest part of Lake Monroe (greater than 6 m) and well away from the shore (at least 150 m). The mean and standard deviations of the four separate areas were in close agreement. The lake was chosen because it would have the most uniform spectral response of any scene in the study area. It should be noted that the spectral response of water does vary with such factors as turbidity; however, the areas were selected to minimize these effects. Two measures were used to obtain a representation of the noise level in the individual channels-the standard deviation and the standard deviation divided by the mean (see Table VII ). Three (3, 7, 11) of the four channels (3, 7, 8, 11) selected as the optimum set of four by the transformed divergence measure were ranked in the top three by the data spread measure, and in the top four if one considers the standard deviation measure. This indicated that the noise level of the data may have had a bearing on the channels selected for the optimum classification performance. Std. Dev./Mean. Also, the two "quality" measures, the standard deviation and data spread measures, seem to indicate that channel 8 is an important spectral band to complement channels 3, 7, and 11 for this set of data and classes. Even though channel 8 ranks 6th and 8th in the two quality measures, the channel is still chosen to be included in the "best four" channels to use. The transformed divergence measure of the separability of classes using just one channel also indicates that channel 8 is important. (See Table VIII .) Channel 8 ranks third after channels 1 1 and 10 for the highest average transformed divergence of all class combinations. 
ER TS Multispectral Scanner Data Analysis
The ERTS MSS data collected the day before were also classified using the same training areas to represent the classes used. The quality of the data for the study area was good except for one bad data line and clouds in the southeastern part of the area (see Fig. 13 ). Because of the clouds, it was not possible to obtain a good representative commercial-industrial class from Bedford, so the training field for this class was taken from Bloomington, 45 km to the north. A class for clouds and a class for cloud shadows were used in this classification; however, these classes were not considered in the evaluation. The clustering procedure indicated that none of these classes needed to be divided to obtain unimodal distributions for each spectral class. Ail four channels were used for this classification. The same six test areas were selected again and the same procedure as stated before was used to obtain the classification performance results (see Table VI and Fig. 14) . The overall classification performance was good-88 percent. The worst cases were the commercial-industrial, the extractive, and the river classes. The commercial-industrial class was confused with the light soil class. The river class was confused with the commercial-industrial class. The transformed divergences between these pairs of classes were some of the lower ones in the sets.
The same measures used for the Skylab MSS data set to obtain a quantitative estimate of the noise quality of the data were used for the ERTS MSS (see Table VII ). The four areas were selected to match those used in the Skylab MSS as near as possible; the mean and standard deviations have been corrected to match the quantization level used by the Skylab MSS.
(The quantization level of the Skylab MSS is 256, while that of the ERTS is 128 for channels 1, 2, and 3, and 64 for channel 4.) The two visible channels in the ERTS MSS by these measures are not as noisy as the infrared channels.
SUMMARY
In comparison of the classification performance of the four data sets, the overall performances for the MSS data sets were better than those for the digitized photographic data sets. The classification performance of the digitized color IR data set was better overall than the digitized black and white multiband data set. Also the overall performance for the "optimum" four channels in the Skylab MSS data set was essentially the same as that for the ERTS MSS data set. However, when the 4 channels in the Skylab MSS which most nearly correipond to those in the ERTS MSS were used to classify the study area, the overall performance for the Skylab MSS data set was significantly lower than that for the ERTS MSS.
The difference in the performances for the ERTS MSS and the ERTS-simulated Skylab MSS may be due to the different noise levels of the two MSS sets, as well as the possible difference in information content of the two sets since the spectral windows of the four channels do not match precisely. In comparison of the data quality measures for the two MSS sets (see Table VII ), the standard deviations for each of the channels in the ERTS MSS are lower than those for the corresponding channels in the Skylab MSS. If the data spread measure is used, three of four ERTS MSS channels are better than the corresponding Skylab MSS channels. These measures indicate that the Skylab MSS is noisier than the ERTS MSS and they also suggest that one must be careful in concluding that one spectral band is better than another for delineating different classes since the decision may be biased by the noise content of channels introduced by the optics and electronics of the scanner. More work needs to be done to obtain a better quantitative comparison of the noise in the two MSS.
For this study the expected gains from the better spectral resolution of the multiband photography were apparently offset by the anomaly around the lake in the infrared spectral bands and the inability to spatially register the 4 bands exactly. In other areas and/or different uses of multispectral data these problems may not be significant. As has been reported in other studies [ 71, [ 81, there seems to be little difference in digitized multiemulsion and multiband photography.
A useable digitized multiemulsion photographic data set, however, is much easier to obtain than a digitized multiband data set since the registration process is not needed. In comparing the individual class results, there is one case where the addition of a middle infrared channel helped significantly in the classification, in delineating river from commercial-industria1 and dark soil. The classification results for the river class were significantly higher in the channels 3, 7, 8, 11 combination than for any other data set. The interclass transformed divergence measures for the separability of these two combinations were the highest in the channels 3 , 7 , 8 , 11 combination (see Tables IX-XIII) . In the ERTS and Skylab MSS data sets, the transformed divergence measurements using just one channel indicate that the middle infrared spectral bands (channels 11 and 12) for the Skylab MSS are the only channels to give a separation better than 1552 for the two combinations being considered. This was borne out by the classifications; if a middle IR channel was not used, there was much confusion separating river from commercial-industria1 and dark soils.
Caution must be taken when comparing the MSS data sets with the digitized photographic data sets because of the difference in the ground resolution of the two and the effect of the rather narrow river. The digitized color infrared photography separated the river from commercial-industria1 and dark soil better than the ERTS MSS and the digitized multiband photography, but did a much poorer job separating river and old residential.
Many of the classification errors in all the data sets are due to boundaries where the resolution elements consisted of the energy from two different classes. Around Lake Monroe the averaging of the water and the forest results in a resolution element most similar to the coniferous forest or the commercialindustrial classes. Also, around the hght soil areas adjacent to grass, the averaging of the two classes results in resolution elements most similar to the new residential class, and light soil areas adjacent to forest cover result in resolution elements most similar to the old residential class. The boundary classes Minimum Transformed Divergence-1759 may be separable from the classes to which they were assigned; however, this point was not examined in this study.
It is also believed that the difference in the size of the resolution element for the MSS's on ERTS and Skylab and the digitized photography had a bearing on the classification performances. Because of the smaller resolution element for the digitized photography (see Table XIV ) each field is represented by more data points. The ratio of the number of interior data points to the number of boundary points is greater for the digitized photography than for the MSS data. This may have been a help in the overall classification performance for the digitized photographic data sets. As an example, the lake class was delineated better by the digitized photography than by the MSS data sets according to the classification performance results. This indication is misleading because the reason for the difference in performance is the greater number of interior points compared to the number of boundary points. To put this point in another perspective, it is felt that if the photography had been digitized for the same ground resolution as that of the MSS's on ERTS and Skylab, there would be a larger difference in the classification performances. This conjecture was not examined, however. 
